Lateral acceleration causes discomfort but how the discomfort depends on the frequency of acceleration or characteristics of seating is poorly understood. Using magnitude estimation, twelve male subjects rated the discomfort caused by lateral oscillation at eight frequencies (0.2 to 1.0 Hz) across four seating conditions (a rigid seat and a train seat, both with and without backrests). Discomfort increased with increasing frequency of lateral acceleration in a similar manner for all four seating conditions. However, at all frequencies and with both seats there was less discomfort when sitting with backrest support than without. Least discomfort occurred on the train seat with backrest and greatest discomfort on the rigid seat without backrest. Current standards predict an additive effect of backrest on vibration discomfort, but the findings show that low frequency lateral acceleration can cause less discomfort when sitting with a backrest than when sitting on the same seat without a backrest.
Introduction
When a moving vehicle changes the direction of travel, the drivers and passengers must counteract lateral forces if they are to remain upright. While standing or walking, postural stability may be maintained by holding or leaning on a support, or adjusting the location of the feet (e.g., Thuong and Griffin, 2011; Sari and Griffin, 2010) . While seated, postural stability is maintained by friction from contact with a backrest (e.g., Corlett and Eklund, 1984; Carcone and Keir, 2007) , by differential downward forces at the ischial tuberosities and at the feet (e.g. Helander et al., 1987; Porter et al., 2003) , and by muscle activity (e.g., Robertson and Griffin, 1989; Farah et al., 2006; Gallais, 2007) . The lateral forces result in discomfort (e.g., Miwa, 1967; Donati, 1983; Corbridge and Griffin, 1986; Wyllie and Griffin, 2007) , but there has been little systematic investigation of how the discomfort depends on the characteristics of the lateral motion or the characteristics of the seating.
When sitting on a flat horizontal rigid seat with a flat vertical rigid backrest, the discomfort caused by lateral sinusoidal acceleration has been reported to be greatest at frequencies of oscillation between 1.25 and 2.0 Hz (Corbridge and Griffin, 1986) . When sitting on a similar rigid seat, both with and without a backrest, sensitivity to lateral acceleration caused by either lateral motion or roll through gravity, was of very low frequency translational vibration to the body is independent of seat compliance (ignoring any roll on compliant seating), the standardised methods predict similar discomfort with rigid and compliant seats at low frequencies.
Previous research has found that backrests affect the movement of the body and can increase vibration discomfort, broadly consistent with current standards for evaluating vibration with respect to discomfort, yet it is widely assumed that seats with backrests are more comfortable. The experiment described here was designed to quantify the extent to which the discomfort caused by lateral oscillation in the range 0.2 to 1.0 Hz depends on backrest support and seat cushioning. It was hypothesised that the discomfort caused by lateral acceleration would increase as the frequency of oscillation increased from 0.2 to 1.0
Hz, but that the frequency-dependence of discomfort would depend on the both the presence of a backrest and whether the seat was cushioned.
Method

Apparatus
Motions were produced by a simulator capable of 1-metre of horizontal oscillation. A train seat and a rigid seat were positioned adjacent to each other on the 1.0 by 1.5 m motion platform (Figure 1 ). The seats were orientated so that horizontal displacement of the simulator platform provided lateral oscillation.
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The rigid seat consisted of a flat horizontal seat pan (510 by 400 mm), located 480 mm above the motion platform, and a flat vertical backrest (645 by 650 mm). The surfaces of the seat pan and the backrest were covered in hard rubber less than 2-mm thick to increase surface friction. The train seat consisted of a cushioned seat pan (510 by 400 mm) located 420 mm above the motion platform with a cushioned backrest (520 by 740 mm) inclined by 31 degrees relative to gravity (SAE J826, 2008) . The backrest was contoured both vertically and horizontally. Cushioned horizontal armrests, 270 mm above the seat pan, were not used.
Subjects were asked to maintain comfortable upright postures with their hands on their laps and their feet flat on the floor. When backrest contact was required, subjects were asked to ensure the whole back (but not the head) was in contact with the backrest. During motion exposure, subjects wore headphones producing white noise at 65 dB(A) in order to mask any sounds from the simulator. The experimenter communicated with subjects through a microphone connected to headphones which interrupted the white noise. Subjects wore a loose lap belt for safety.
Design
The experiment adopted a repeated measures (within-subjects) design. Subjects were exposed to a series of pairs of motion stimuli whilst seated in one of four seating conditions (the rigid seat with and without backrest contact, and the cushioned train seat with and without backrest contact -see Figure 2 ) in each of four experimental sessions. The method of magnitude estimation was used to rate the discomfort of test stimuli relative to the discomfort caused by a reference stimulus.
Each session consisted of three parts. In part 1 (equivalent comfort contours) subjects were required to rate the discomfort of test stimuli relative to the discomfort caused by a reference stimulus (0.5-Hz lateral oscillation at 0.2 ms -2 r.m.s.), where the reference and test stimuli were presented in the same seating condition. In part 2 (cross-over test) subjects rated the discomfort of test stimuli relative to the discomfort caused by a reference stimulus, where the reference and the test stimuli were presented in different seating conditions. In part 3 (body map) subjects indicated the location of the body where they felt most discomfort using a labelled diagram of the body (Figure 3 ).
The order of presentation of motion stimuli within each session was fully randomised for each subject.
The order of the four sessions was varied for each subject using a Latin square. was the highest magnitude possible). All motion stimuli were transient waveforms of approximately 11-s duration (to the nearest half-cycle) generated from the product of a sine wave of the desired frequency and a half-sine of the same duration ( Figure 4 ). All motions were generated within MATLAB (version R2009 research) using the HVLab toolbox (version 1.0).
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Subjects
Twelve healthy male volunteers aged 18 to 30 years participated in the experiment (median age 25.5 years, inter-quartile range, IQR 23.5 -26.3 years; median weight 70.9 kg, IQR 60.8 -82.8 kg; median stature 1.745 m, IQR 169.3 -179.5). Subjects were recruited from the staff and student population of the University of Southampton.
Analysis
The physical magnitudes of the motion stimuli, φ, were related to the subjective magnitude estimates, ψ, using Stevens' power law (Stevens, 1975) :
The exponent, n, (i.e., the rate of growth of discomfort) and the constant, k, were determined by linear regression on the logarithmic transformation of Equation 1:
Eq. 2:
log 10 ψ = log10 k + n log 10 φ Values for n and k were determined for each subject at each frequency within each seating condition.
Equivalent comfort contours for a subjective magnitude, ψ, of 100 were calculated for each subject and each seating condition using Equation 1.
The data from part 2 (cross-over test) were used to calculate correction factors to adjust the equivalent comfort contours obtained in part 1 so that the relative discomfort across different seating conditions could be examined. Correction factors were calculated using Equation 3:
Eq. 3:
Correction factor = (φ Cross-over ) / (φ Part 1 ) where φPart 1 is the acceleration magnitude of a 0.5-Hz test motion in part 1 that caused discomfort equivalent to that caused by the reference motion (i.e., 0.5 Hz at 0.20 ms -2 r.m.s.) in the same seating condition as the test stimulus, and φCross-over is the acceleration magnitude of a 0.5-Hz test motion in part 2 (the cross-over test) that caused discomfort equivalent to that caused by the same reference motion (i.e., 0.5 Hz at 0.20 ms -2 r.m.s.) in a different seating condition from the test stimulus. The rigid seat with backrest contact was used as a common reference so that the relative discomfort experienced in all four seating conditions could be compared. The acceleration magnitudes used to define φPart 1 and φCross-over were median values calculated from the 12 subjects. Relative equivalent comfort contours for the four seating conditions were generated by applying the correction factors to the median equivalent comfort contours calculated from part 1. Individual equivalent comfort contours from part 1 were also adjusted using the same correction factors in order to allow statistical comparisons across seating conditions.
The data from part 3 (body map) were used to assess the effect of the frequency and magnitude of lateral oscillation on the location of most discomfort.
The Friedman test was used to investigate the overall effect of frequency and seating on the rates of growth of discomfort and the equivalent comfort contours. The Wilcoxon matched-pairs signed ranks test was used to examine differences in rates of growth of discomfort and equivalent comfort contours between specific frequencies and specific seating conditions. The McNemar dichotomous variables test was used to examine differences in the location of discomfort across specific seating conditions. Median rates of growth of discomfort and median equivalent comfort contours were calculated to identify overall trends in the data.
Results
Rate of growth of vibration discomfort
The rate of growth of discomfort varied with the frequency of vibration for the rigid seat with backrest (p = 0.003; Friedman), but not for the rigid seat without backrest, or for the train seat, either with or without backrest (p = 0.047, 0.948 and 0.110, respectively; Figure 5 ). The seating condition had no significant effect on the rate of growth of discomfort at any frequency (p > 0.05; Friedman).
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Effect of frequency of oscillation on vibration discomfort
Equivalent comfort contours obtained from each subject in each seating condition were adjusted (as described above) to determine the vibration magnitude required at each frequency to produce vibration discomfort equivalent to that caused by the common reference motion: 0.5 Hz 0.20 ms -2 r.m.s. lateral oscillation on the rigid seat with backrest ( Figure 6 ). The frequency-dependence of equivalent comfort contours will change with the magnitude of the vibration (e.g., Morioka and Griffin, 2006) . However, because there was no difference in the rate of growth of discomfort between seating conditions, the relative discomfort between seats will be independent of vibration magnitude. The equivalent comfort contours shown here are therefore constructed for only one magnitude of vibration. The acceleration associated with equivalent comfort decreased with increasing frequency of vibration for the train seat with backrest (p = 0.009; Friedman) and the rigid seat without backrest (p= 0.022), but not for the train seat without backrest (p = 0.054) or the rigid seat with backrest (p = 0.125; Friedman).
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Effect of seating on vibration discomfort
At every frequency, the adjusted equivalent contours were highly dependent on seating condition (p < 0.01; Friedman). Greater magnitudes of lateral oscillation were required to cause equivalent discomfort when seated on the train seat with backrest than when seated on: (i) the train seat without backrest, at all frequencies except 0.2 and 1.0 Hz (p < 0.01; Wilcoxon), (ii) the rigid seat with backrest, at all frequencies except 0.315 and 1.0 Hz (p < 0.01), and (iii) the rigid seat without backrest, at all frequencies except 0.25 and 0.315 Hz (p < 0.01). Lower magnitudes of lateral oscillation were required to cause discomfort on the rigid seat without backrest than on both the train seat without backrest at 0.63 Hz (p < 0.01; Wilcoxon) and on the rigid seat with backrest at 0.4 and 0.63 Hz (p < 0.01; Wilcoxon).
The location of discomfort
There were no clear effects of the magnitude of oscillation on the locations in the body where subjects felt most discomfort, so the data were pooled across the three magnitudes at each frequency. Greatest discomfort occurred more frequently at the head, neck, or shoulders during 0.5-Hz oscillation on the train seat with backrest than on the rigid seat without backrest (p = 0.006; McNemar). Greatest discomfort occurred more frequently at the ischial tuberosities on the rigid seat (with and without backrest) than on the train seat without backrest during 0.5-Hz oscillation (p = 0.008 and 0.006, respectively; McNemar), and more frequently on the rigid seat without backrest than the train seat with backrest during 1-Hz oscillation (p = 0.006; McNemar). These patterns are illustrated in Figure 7 . No other statistically significant differences in the location of greatest discomfort were found.
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Discussion
Rate of growth of discomfort
A greater rate of growth of discomfort implies a greater increase in the magnitude of discomfort associated with a unit increase in the magnitude of acceleration. Rates of growth of discomfort did not vary between conditions with and without backrest on either the rigid seat or the train seat, although there were statistically significant changes with the frequency of lateral oscillation on the rigid seat with backrest but not on the train seat. Previous research with lateral oscillation on a rigid seat reported no effects on the rate of growth of discomfort of using a rigid backrest and four-point harness, consistent with the present study (Wyllie and Griffin, 2007) . During lateral oscillation of a rigid seat without backrest, the previous study found decreasing rates of growth of discomfort with increasing frequency of oscillation from 0.2 to 1.6 Hz, with a more consistent effect of frequency than found here. The present study investigated acceleration magnitudes between 0.08 and 0.40 ms r.m.s. used by Wyllie and Griffin (2007) . Stevens (1975) assumed the exponent in the power law was independent of the magnitude of physical stimuli, but this may not apply with all physical stimuli -a dependence of the rate of growth of discomfort on vibration magnitude might explain the discrepancy between the current findings and those reported by Wyllie and Griffin (2007) .
Equivalent comfort contours
In all four seating conditions, the lateral acceleration required to produce equivalent discomfort decreased by approximately 3 dB per octave as the frequency increased from 0.2 to 1.0 Hz (i.e., sensitivity increased with increasing frequency). A similar effect of frequency has been reported for lateral vibration of a rigid seat without backrest over the frequency range 0.2 to 1.6 Hz, but a greater rate of decrease (approximately 6 dB/octave) was found for a rigid seat with four-point harness and backrest (Wyllie and Griffin, 2007; Figure 8) . This is consistent with the harness reducing discomfort at lower frequencies but increasing discomfort at higher frequencies.
At all frequencies, lateral oscillation caused least discomfort when sitting on the train seat with backrest.
Compared to the rigid seat without backrest (i.e., the seat associated with greatest discomfort), the train seat with backrest allowed approximately a two-fold increase in vibration magnitude for the same level of vibration discomfort (Figure 6 ). The rigid seat without backrest and the cushioned train seat without backrest produced similar discomfort at all frequencies (Figure 6 ), consistent with no large differences in discomfort during lateral oscillation at 1 Hz when seated on a flat rigid seat without backrest or a foam cushion without backrest as reported by Moxley et al. (2011) .
It has been suggested that the overall discomfort, ψ, of a seat can be predicted by summing the static discomfort, ψs, and the dynamic discomfort, ψv (Ebe and Griffin, 2000):
where φs is a measure of the seat pan stiffness (causing static discomfort), ns is the rate of growth of static discomfort, φv is the vibration acceleration magnitude (causing dynamic discomfort), nv is the rate of growth of dynamic discomfort, and a, b, and c are constants. Without asking subjects to distinguish between static and dynamic discomfort, the present study found that greater vibration magnitudes were required to cause a given level of discomfort on the train seat with backrest than on the other three seats. The above model (Equation 4) allows the possibility that the greater comfort on the train seat with backrest was partially due to greater static comfort with this seat.
A lower magnitude of lateral acceleration was required to produce equivalent discomfort on the rigid seat without backrest than on the rigid seat with backrest, indicating that the backrest reduced discomfort (with a statistically significant benefit at 0.4 and 0.63 Hz). This differs from the increasingly detrimental effect of a backrest with harness as the frequency increases from 0.2 to 1.0 Hz (Wyllie and Griffin, 2007; Figure 8 ). This detriment is also apparent at 1.6 and 2 Hz when comparing contours obtained with a backrest without harness by Corbridge and Griffin (1986) with those obtained with backrest and harness by Wyllie and Griffin (2007) , as shown in Figure 8 . The increased discomfort with a four-point harness may be due to increased transmission of motion to the upper-body resulting in increased forces at the neck.
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In current standards, the discomfort caused by lateral acceleration at frequencies greater than 0.5 Hz is predicted using frequency weighting Wd (BS 6841, 1987; ISO 2631 ISO -1, 1997 . The asymptotic version of this weighting has sensitivity to acceleration which is independent of frequency from 0.5 to 2 Hz and then falls in inverse proportion to frequency from 2 to 80 Hz. The realisable version of the frequency weighting has a gradual transition around 2 Hz and a high pass filter at 0.4 Hz. The reciprocal of the realisable frequency weighting Wd shows some similarity to the current and previous equivalent comfort contours for low frequency lateral oscillation, even though the weighting is not intended for application to frequencies less than 0.5 Hz (Figure 7) . However, relative to other frequencies, it seems that the realisable Wd weighting tends to underestimate the discomfort caused by frequencies less than about 0.3 Hz, except when restrained against a backrest by a harness.
Irrespective of the frequency-dependence, the level of the equivalent comfort contours depends on the seating conditions. British standard 6841 (1987) and International standard 2631-1 (1997) advocate the use of frequency weighting Wd to predict discomfort caused by both lateral oscillation at the seat and lateral acceleration at the backrest, but with sensitivity at the backrest half that at the seat (i.e., a 0.5 multiplying factor is used for lateral acceleration at the backrest). An 'overall ride value' can be predicted from the root-sums-of-squares (r.s.s.) of all weighted inputs, so contact with vibration at a backrest will increase the overall ride value and imply increased discomfort (Griffin, 2007) . If the vibration at the seat and the backrest is the same, the r.s.s. of the weighted vibration at the seat and the back will be about 12% greater when vibration at the backrest is included. Wyllie and Griffin (2007) found that wearing a full harness that forced contact with a backrest increased discomfort, although the increase varied with frequency and was greater than implied by the standards over the range 0.8 to 1.6 Hz. The present study with both a rigid seat and a train seat found that leaning against a backrest without a harness tended to reduce discomfort at all frequencies between 0.2 and 1.0 Hz. It seems that an intermediate situation is optimum: contact with a backrest can help to reduce movements responsible for discomfort but forcing the back to move with a backrest can increase strain in the body. Without a harness, people may be able, to some extent, to control their contact with a backrest so that it is beneficial and not detrimental.
The location of discomfort
During 0.5-Hz lateral oscillation, the location of greatest discomfort occurred more frequently at the head, neck, and shoulders on the train seat with backrest than in any of the other three seating conditions (Figure 7) . Either the train seat with backrest increased discomfort at the head, neck, and shoulders or it decreased discomfort at other locations of the body. The 740 mm high backrest resulted in most subjects having the tops of their shoulders in contact with the seat, which is likely to have increased the transmission of vibration to the shoulders, neck, and head (Paddan and Griffin, 1988) .
The contouring of the train seat backrest also provided lateral support so the upper-body was less free to make compensatory adjustments during oscillation. The contact with the backrest may have increased lateral acceleration of the upper-body, and without support for the head this may have resulted in greater strain around the neck. When sitting with the backrest there may also have been reduced discomfort at other locations, leaving the head, neck, and shoulders as the dominant locations for discomfort. For example, the backrest may have reduced back muscle activity associated with maintaining an upright posture during lateral oscillation.
During lateral oscillation between 2 and 64 Hz on a rigid seat without backrest, discomfort was localised mainly at the ischial tuberosities (Whitham and Griffin, 1978) . In this study, greatest discomfort also occurred most frequently at the ischial tuberosities when sitting on the rigid seat without backrest during 0.5-Hz and 1-Hz oscillation (Figure 7) . When stationary and sitting upright, the weight of the body is supported with similar pressure at both ischial tuberosities, but during lateral oscillation with no backrest the sway of the body is partially restrained by alternating increases in pressure at the two ischial tuberosities. Backrests help to reduce pressure on the ischial tuberosities when static (e.g., Vos et al, 2006; Kyung and Nussbaum, 2008) and also help to constrain the swaying of the body during oscillation.
The reduction in the weight supported at the ischial tuberosities and the decreased need to control sway by increasing pressure, is consistent with reduced discomfort at the ischial tuberosities when sitting with a backrest during low frequency lateral oscillation.
Practical implications
The characteristics of a seat and the sitting posture have been shown to influence the severity of vibration discomfort, and the location of discomfort, caused by low frequency lateral vibration. With a rigid seat and a compliant train seat, contact with the backrest reduced the discomfort caused by all frequencies of lateral acceleration between 0.2 and 1.0 Hz. It seems reasonable to assume that the backrests reduced the muscular exertion that is otherwise required to maintain an upright posture during low frequency lateral oscillation (Robertson and Griffin, 1989) . Reduced pressure at the ischial tuberosities on the train seat may explain why lateral acceleration caused less discomfort on the train seat than the rigid seat. Other factors associated with the configuration of a backrest (e.g., backrest height, inclination, and curvature) may also affect motion discomfort, with effects that may be expected to depend on the type of motion (e.g., lateral oscillation or roll oscillation; Beard and Griffin, 2012) . The prediction of seating comfort in an environment with low frequency acceleration should therefore consider how the seat characteristics control the motions of the seat occupant as well as how the motion is transmitted through the seat to the surface of the human body.
Conclusions
The discomfort caused by lateral acceleration increases with increasing frequency of oscillation from 0.2 to 1.0 Hz. When applied with a band-limiting filter, the frequency weighting Wd in current standards gives a useful indication of how discomfort depends on the frequency of lateral oscillation in the range 0.3 to 1.0 Hz, but it underestimates the discomfort caused by lower frequencies. Current standards predict that contact with a backrest will increase vibration discomfort, but low frequency lateral acceleration causes less discomfort when sitting supported by a backrest than when sitting on the same seat without backrest support. Sitting on a rigid seat, either with or without a backrest, resulted in greater motion discomfort than sitting on a compliant seat, with greater incidence of discomfort at the ischial tuberosities. The combination of a compliant seat cushion with a high, contoured, slightly reclined backrest was associated with least discomfort from lateral motions in the frequency range 0.2 to 1.0 Hz.
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